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The solar wind conditions of an extreme geomagnetic storm were examined using magnetic field observations
obtained from geosynchronous satellites and the disturbance storm-time (Dst) index. During geosynchronous
magnetopause crossings (GMCs), magnetic field variations at the magnetosheath, which is the modulated interplanetary
magnetic field (IMF), were observed by geosynchronous satellite. The dawn to dusk solar wind electric field (VBS) was
estimated from the Dst index by using an empirical formula for Dst prediction; these data were then used to estimate
the IMF and solar wind speed. This method was applied in the analysis of an extreme geomagnetic storm event that
occurred on March 13–14, 1989, for which no direct solar wind information was available. A long duration of the GMC
was observed after the second storm sudden commencement (SSC) of this event. The solar flare possibly associated
with the second SSC of this storm event was identified as the March 12 M7.3/2B flare. The IMF Bz was estimated to be
about −50 nT with a solar wind speed of about 960 km/s during the 5 h in which the main phase of the storm rapidly
developed, assuming an Alfvén Mach number (MA) during this period of more than 2.
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Geomagnetic disturbances are driven by the effect of
the solar wind–magnetosphere–ionosphere compound
system. A number of studies have been conducted to
obtain empirical relationships for the compound system
and to develop a numerical simulation code for under-
standing this interaction (e.g., Tanaka 2007 and references
therein). However, there is little knowledge of this com-
pound system under extreme conditions because of the
infrequent occurrence of extreme events.
To examine geomagnetic disturbances under extreme
conditions, the following two aspects are important. The
first is the condition of the solar wind, which is the main
driver of geomagnetic disturbances, and the second is the
behavior of the solar wind–magnetosphere–ionosphere
coupling processes under extreme conditions of solar
wind. Because of the complex nature of this system, it can* Correspondence: tnagatsu@nict.go.jp
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medium, provided the original work is properlybe difficult to assess whether the response of the system
during a normal space environment can be applied to
extreme conditions of solar wind. Thus, the study of
events occurring under extreme conditions is important
for understanding the behavior of the compound system.
Coverage of solar wind observation was limited prior
to operation of the Advanced Composition Explorer
(ACE) at the L1 point in 1997. During the maximum
period of solar cycle 22, almost the only solar wind
monitoring platform was Interplanetary Monitoring
Platform (IMP) 8, which had a 35 Earth radii circular
orbit, and was used to measure Earth’s magnetotail,
magnetosheath, and solar wind. The coverage of solar
wind observation by IMP 8 was only for 7 to 8 days of
every 12.5 days, which was the orbital period of IMP 8.
Such circumstances led to many severe geomagnetic
disturbances for which there was no solar wind observation
in the maximum period of solar cycle 22. Many severe
geomagnetic storm events have thus not been analyzed in
detail owing to a lack of solar wind information. For
example, an extreme storm that occurred on March 13–14,ss article distributed under the terms of the Creative Commons Attribution
y/4.0), which permits unrestricted use, distribution, and reproduction in any
credited.
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coverage during its onset, main phase, and most of the
recovery phase. Therefore, McKenna-Lawlor et al. (2005)
attempted to reconstruct the interplanetary shocks
from five major flares hitting both Earth and Mars
during the March 9–23, 1989, by using the Hakamada–
Akasofu–Fry version 2 (HAFv.2) solar wind model
(Fry et al. 2001, 2003). Other papers have reconstructed
solar wind parameters during large storms by using
geomagnetic variations or indices (e.g., Li et al. 2006;
Cliver et al. 2009).
The three major solar wind monitoring platforms
currently around Earth’s orbit include ACE and Solar
Terrestrial Relations Observatories (STEREO) Ahead (A)
and Behind (B). STEREO-A and STEREO-B are drifting
in heliocentric orbits away from Earth; the former is
leading, and the latter is lagging. Baker et al. (2013)
examined the extreme solar wind conditions obtained
from STEREO-A on July 23–24, 2012. They also used
the WSA-ENLIL model to estimate the proton density
of the solar wind for this event because the quality of
the low-energy particle measurements might have been
poor owing to contamination from high-energy particles.
On the basis of their data analysis, they suggested that
an extreme solar wind with their estimated conditions
could produce an extreme geomagnetic storm if it
reached the geospace environment; the lowest possible
disturbance storm-time (Dst) index was −1182 nT.
In this paper, we estimate the solar wind conditions
for the extreme storm event that occurred on March
13–14, 1989, by using the geostationary magnetopause
crossing (GMC) period obtained from the Geostationary
Operational Environmental Satellites (GOES) magnetic
field data and the Dst index. The solar origin of this
event is also discussed.
Overview of the March 13–14, 1989, storm event
The geomagnetic storm that occurred on March 13–14,
1989, was the most extreme geospace disturbance since
1957. The minimum value of the Dst index during
this event was −589 nT at 02 UT on March 14. From
a probabilistic viewpoint, an event of this scale may
occur once every 60 years (Kataoka 2013). Two storm
sudden commencements (SSCs) have been identified
for this storm event at 0128 and 0747 UT, both onTable 1 List of optical and X-ray solar flares with X-ray intensities of
Date Start Max End Lat. CMD
3/10 1848E 1912U 2158 N31 E22
3/11 0829E 0905 0944D N29 E16
3/11 1535E 1538 1601D N28 E13
3/11 1933E 1940 2016D N27 E10
3/12 0016E 0029 0043D N28 E09March 13 (e.g., Fujii et al. 1992), with amplitudes of 43
and 76 nT at Kakioka Observatory, respectively. The main
phase of the storm rapidly developed after 20 UT on
March 13. The magnitude of the Dst index decreased by
330 nT in 5 h and reached a minimum of -589 nT.
This event is also well known for its practical implica-
tions. The Hydro–Quebec power system collapsed because
of the strong geomagnetically induced current (GIC) that
flowed in power lines in North America. As a result, six
million residents in the province of Quebec were left
without electrical power for more than 9 h. Furthermore,
a low-latitude aurora was visible across the southern
United States during the night of March 13 and early
hours of March 14 (Allen et al. 1989). Although the solar
wind information is not available for this period, geo-
space disturbances during this extreme storm have
been studied by using satellite data (e.g., Fujii et al. 1992;
Greenspan et al. 1991; Okada et al. 1993; Rasmussen and
Greenspan 1993; Rich and Denig 1992; Shinbori et al.
2005; Sojka et al. 1994) and ground-based ionospheric
data (e.g., Batista et al. 1991; Hajkowicz 1991; Lakshmi et al.
1991; Walker and Wong 1993; Yeh et al. 1992).
On the contrary, the solar activity possibly related to this
extreme geomagnetic storm was less extreme. Table 1
shows flare events and related phenomena extracted from
the event list of solar flares in the solar geophysical data
issued by National Geophysical Data Center/National
Oceanic and Atmospheric Administration (NGDC/NOAA)
and from the coronal mass ejection (CME) catalog based
on Solar Maximum Mission (SMM) coronagraph observa-
tions (Burkepile and St. Cyr 1993). These events may be
related to the storm that occurred on March 13–14. During
this period, solar X-ray flares of intensity greater than M5.0
occurred only from active region 5395. From March 6 to
March 18, many solar flares and CMEs associated with this
large and complex active region occurred (Feynman and
Hundhausen 1994). The most intense X-ray flare from this
active region was X15 at 1350 UT on March 6. In contrast,
the intensities of the major X-ray flares shown in Table 1
were less than that of X5. The X-ray intensity and
duration of these events are almost comparable except for
the X4.5/3B flare that occurred on March 10.
The shock transit speed of this event was also not
extreme. According to Cliver et al. (1990), the solar flare
associated with the first SSC of this storm event wasmore than M5.0
Opt X-ray NOAA# CME Radio burst
3B X4.5 5395 Yes Type II, IV
2B M9.7 5395
2B X1.2 5395
2B X1.3 5395 Yes
2B M7.3 5395 Type IV
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top row of Table 1. McKenna-Lawlor et al. (2005) also
calculated an interplanetary shock propagation by using
the HAFv2 model with the solar origin of the X4 flare
on March 10 and the first SSC of the storm on March
13–14. The transit time from the occurrence of the solar
flare to the first SSC in this event has been estimated to
be 54.8 h, which is 3.8 times longer than the event on
that occurred on August 4, 1972, with a transit time of
14.6 h (Cliver et al. 1990). The maximum solar wind
speed of the interplanetary shock that produced the first
SSC of this event was estimated to be about 550 km/s in
their paper. However, they did not discuss the second
SSC of this event and its solar origin. At the time of
the second SSC, the Dst had dropped to ~ −130 nT.
The rapid enhancement of the ring current started at
about 20 UT on March 13, approximately 12 h after the
second SSC. The existence of the two SSCs strongly
suggests that this great geomagnetic storm was caused by
the combination of two CMEs (solar flares).
Methods
Estimating solar wind conditions during the March 13–14,
1989, event
In this study, we focus on the GMC by GOES. Because
of the compression due to the high dynamic pres-
sure of the solar wind and the erosion due to the
enhanced dayside reconnection based on the intense
southward interplanetary magnetic field (IMF), the
location of the dayside magnetopause shrank and
sometimes reached inside the geosynchronous orbit
(6.6 Earth radii).
Figure 1 shows the magnetic field variation observed
by GOES 06 and 07 represented by red and blue lines,
respectively. The variations of magnetic field intensity,
X, Y, and Z components of the magnetic field variations
based on the geocentric solar magnetospheric (GSM)
coordinate system and the variations of the Dst index
are plotted from top to bottom in the figure. Two
dotted vertical lines indicate times of the first and the
second SSC, respectively. In this period, the geographic
longitude and local noon of GOES 06 and 07 were 135.5°
(2102 UT) and 108.5° (1814 UT), respectively.
During the period from 14 UT on March 13 to 01 UT
on March 14, several negative excursions of the GSM-Z
magnetic field component were recorded for both GOES
06 and 07, which is a manifestation of the GMC. The
extreme duration of the GMC in this event should be
noted here. Excluding the time period from 1735 to
1945 UT, the GMC is continued for almost 11 h, which
means that the GMC occurred during almost the entire
daytime period of the GOES satellites.
Another important point to note here is that both the
GSM-Y and GSM-Z components of the magnetic fieldvariations from GOES 06 and 07 were almost coherent
during the GMC. This characteristic suggests that both
GOES 06 and 07 simultaneously observed the magne-
tosheath field during the GMC, which was the IMF
modulated by the bow shock. Therefore, it should be
possible to estimate the variations of the IMF from the
magnetic field observations of GOES 06 and 07 during
the GMC in the same manner as that of a solar wind
monitoring satellite.
By analyzing the data of the storm that occurred on
November 20–21, 2003, which is the fifth largest storm
since 1957, Nagatsuma et al. (2007) showed that the
GSM-Y and GSM-Z components of the magnetic field
variations from GOES during the GMC were four times
larger than the IMF assuming that the Alfvén Mach
number (MA) of the solar wind was more than 2. Thus,
the GSM-Y and GSM-Z components of the IMF were
estimated to be a quarter of the magnetic field variations
observed by GOES 06 and 07 during the GMC when
MA for the solar wind was more than 2.
The other important point is that the GMC occurred
because of the high dynamic pressure of the solar wind
and the erosion effect of the intense southward IMF
(e.g., Rufanach et al. 1989). This means that the
occurrence of the GMC also provides information
about the dynamic pressure condition of the solar
wind in this event. By using the empirical model of
the magnetopause, the lower limit of the solar wind
dynamic pressure during the GMC can be estimated.
In this study, the magnetopause model developed by
Shue et al. (1998, 2000) was used for our estimation.
The equations in their model are




α ¼ 0:58 − 0:007 Bzð Þ 1 þ 0:024 ln Dp
  
; ð2Þ
where r0, α, Dp, and Bz represent the standoff distance at
the subsolar point, the level of tail flaring, the solar wind
dynamic pressure, and north–south component of the
IMF, respectively. To estimate Dp from these equations,
the IMF Bz estimated from the GOES observations is
used as an input parameter. The estimation of Dp from
this empirical model is limited to the time at which the
solar zenith angle of the satellite is less than 60° because
this model should be applied only around the noon sector.
Another way to estimate the solar wind parameters is
to use the geomagnetic index, which is a manifestation
of the solar wind–magnetosphere–ionosphere coupling.
By using an empirical model of geomagnetic indices,
Nagatsuma et al. (2007) estimated the VBs and the merging
electric field (Em) from the Dst and the PC index for the
Northern Hemisphere (PCN) during the storm that
Fig. 1 Magnetic field variations at geosynchronous orbit on March 13–14, 1989, observed by Geostationary Operational Environmental Satellites
(GOES) 06 and 07 are represented by red and blue lines, respectively. The magnetic field intensity, geocentric solar magnetospheric (GSM)-X, GSM-Y,
and GSM-Z components of the magnetic field variations, and the variation of the Dst index are plotted from top to bottom. Two dotted vertical
lines indicate the first and the second storm sudden commencement (SSC), respectively
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also showed that these estimations are in good agreement
with values estimated from satellite observations of the
solar wind. We applied the same method of VBs estimation
to this event.
The solar wind parameter VBs was estimated from the
following equations obtained by O’Brien and McPherron
(2000):
Q tð Þ ¼ –4:4 VBs– 0:50ð Þ; ð3Þ
Q tð Þ ¼ dDst=dt þ Dst=τ; ð4Þ
τ ¼ 2:4 exp 9:74= 4:69 þ VBsð Þ½ : ð5Þ
Here Q(t) is the injection rate of the solar wind energy
for the development of the ring current, and τ is thedecay time. Dst* is the pressure-corrected Dst index
obtained from the following equation:
Dst ¼ Dst – 7:26 ﬃﬃﬃﬃﬃﬃDp
p þ 11: ð6Þ
If the dynamic pressure correction is negligible, the
Dst index is used as the Dst* index. By using Eqs. (3),
(4), and (5), we estimated the VBs from the Dst index.
The estimated solar wind parameters for the GMC
period of the GOES data and the Dst index are shown in
Fig. 2. The estimated GSM-Y and GSM-Z components of
the IMF and the lower limit of the solar wind dynamic
pressure are plotted from top to the third panel. The VBs
is plotted in the fourth panel. A solid line represents the
VBs estimated from the difference of the Dst index (ΔDst),
Fig. 2 Estimated solar wind parameters for the geosynchronous magnetopause crossings (GMC) event and the Dst index. Top and second panels:
geocentric solar magnetospheric (GSM)-Y and GSM-Z components of interplanetary magnetic field estimated for GOES GMC periods, respectively.
Third panel: lower limit of dynamic pressure estimated for GOES GMC periods. Fourth panel: dawn to dusk solar wind electric field (VBs) estimated
from the Dst index with the empirical model; solid line represents the VBs estimated from the difference in Dst index; dotted lines represent VBs
estimated from the difference in Dst index with ±10 nT offset as the dynamic pressure effect. Bottom panel: variation of the Dst index. The two
dotted vertical lines indicate the first and the second storm sudden commencement (SSC), respectively
Nagatsuma et al. Earth, Planets and Space  (2015) 67:78 Page 5 of 10and dotted lines represent the VBs estimated from ΔDst
with ±10 nT offset as the dynamic pressure effect.
The offset of the Dst index due to dynamic pressure
enhancement was about 10 nT, when the 1-h averaged
solar wind dynamic pressure changed from 10 to 20 nPa.
The Dst index is plotted in the bottom panel of the figure.
It is apparent that the interruption of the GMC between
1735 and 1945 UT is in good agreement with the time
during which the Dst index was stable. The average
magnitude of the southward IMF Bz was −30 nT
(−50 nT) for the former (latter) part of GMC period.
The lower limit of the dynamic pressure of the solar wind
was about 10 to 80 nPa. VBs was about 15 mV/mand 40–60 mV/m during the first and latter parts, respect-
ively. It is apparent that the dynamic pressure effect of Dst
is negligible because of the small difference of the dynamic
pressure effect.
Next, we estimated the solar wind speed (Vsw) from the
estimated IMF Bz and VBs averaged over 1 h. The estimated
solar wind speed is highly scattered because this estimation
is rather sensitive to the magnitude of the IMF Bz. The aver-
age solar wind flow speed during this period was 960 km/s.
Results and discussion
On the basis of the estimated solar wind speed in the
previous section, we attempted to identify the solar origin
Table 2 List of X-ray solar flares of more than M5.0 and estimated shock speed and maximum solar wind speed
Day Start X-ray Vsh (second
SSC) (km/s)
Vmax (second SSC) (km/s) Vmax (second SSC) (km/s)
Cliver et al. 1990 Belov et al. 2008
10 1848E X4.5 680 490 547–600
11 0829E M9.7 880 640 645–710
11 1535E X1.2 1040 760 724–798
11 1933E X1.3 1150 850 778–859
12 0016E M7.3 1320 980 906–952
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of this extreme storm event. The maximum solar wind
flow speed can be estimated from the transit speed of the
interplanetary shock driven by a solar flare. Cliver et al.
(1990) proposed the following relationship between the
maximum solar wind flow speed (Vmax) and the shock
transit speed (Vsh):
Vmax ¼ 0:775 V sh− 40 km=s½ : ð7Þ
Belov et al. (2008) also proposed a similar type of
empirical relationship between Vmax and Vsh:
Vmax ¼ 220 6ð Þ þ 0:52 0:03ð ÞV sh km=s½ : ð8Þ
Table 2 shows the event list of the solar flares with the
corresponding values of Vsh and Vmax, which we esti-
mated. The solar flares themselves are the same as those
in Table 1. From the comparison between Table 2 and the
estimated average solar wind speed of 960 km/s in the
previous section, the final solar flare in Table 2 is the most
likely origin of the second SSC and the development of
the main phase of the extreme storm. The occurrence of a
type IV solar radio burst suggests that this solar flare was
accompanied by CME. Further evidence is the solar wind
flow speed at 22–23 UT on March 14 obtained from the
OMNI database. During this period, the solar wind speedFig. 3 Alfvén Mach number (MA) as a function of magnetic field
intensity [nT] and dynamic pressure [nPa]. The curves for MA = 2, 3,
and 4 are plotted in different colorswas about 800 km/s. Because no additional impulsive
signature was recorded on the ground magnetometers
after the second SSC, the flow at the end of March 14
appears to be a continuation of the high-speed stream
originating from the interplanetary shock that produced
the second SSC. The X1.3/2B solar flare on March 11 is a
candidate for the origin of the second SSC because a pos-
sible halo CME corresponding to this flare was reported.
However, the maximum solar wind speed estimated from
this event was slower than that estimated from our study.
On the basis of these results, the origin of the second SSC
of this storm event appears to be the M7.8/2B solar flare
that began at 0016 UT on March 12, 1989. Duration of
this solar flare is 29 min. The X1.3/2B solar flare on
March 11 could be another candidate for the origin of the
second SSC because of the ambiguity of the solar wind
speed estimation.
Previous studies have suggested that solar flares of
modest intensity and duration can produce severe
geomagnetic storms. In the case of the solar sources
of the Bastille geomagnetic storm that occurred on
July 15–17, 2000, with a Dst minimum of −301 nT,
the duration of the solar flare was 40 min (Andrews
2001). In case of the solar sources of the Halloween
geomagnetic storm that occurred November 20–21,
2003, with a Dst minimum of −422 nT, three long-
durational event (LDE) flares with intensities less than
M5.0 were reported (e.g., Gopalswamy et al. 2005). This
demonstrates that a strong geoeffective solar wind driver
can be produced from a solar flare modest of intensity
and duration.
The dynamic pressure of the solar wind in this event may
have been extreme because the GMC occurred around the
noon sector and in the dawn and dusk sectors. This
indicates that extreme dynamic pressure enhancement
may have compressed the magnetosphere. However, it
is unclear whether we can apply the empirical formula for
the magnetopause location to such an extreme condition,
especially for the dawn and dusk sectors, because
the static gas pressure may have some effect on the
magnetopause location, which is not considered in this
empirical formula. By simply applying the empirical
formula for the dawn and dusk sectors of the GMC on
March 13–14, 1989, the solar wind dynamic pressure was
Fig. 4 Estimated solar wind parameters and Dst index during the storm that occurred on March 13–14, 1989. Top panel: intensity of the
estimated total magnetic field from Geostationary Operational Environmental Satellites (GOES) 06 and 07, represented by blue and red dots,
respectively. Second and third panels: estimated geocentric solar magnetospheric (GSM)-Y and GSM-Z components of the magnetic field, respectively.
Fourth panel: estimated solar wind speed. Estimations from the 1-h averaged GSM-Z magnetic field and dawn to dusk solar wind electric field (VBs)
from the Dst index are plotted as filled circles with error bars. The green filled circles plotted in the top to fifth panels indicate 1-h averaged solar wind
parameters at 22–23 UT on March 14 obtained from the OMNI database. The blue line plotted in the fourth panel represents the solar wind speed
profile estimated from the maximum solar wind speed at the second SSC and the solar wind speed at 22–23 UT on March 14, also obtained from
OMNI data. Fifth panel: number density of the solar wind. Sixth panel: VBs obtained from the Dst index, represented by the thick black line, and VBs
obtained from GOES 06 and 07 observations with the estimated solar wind speed, represented by red and blue dots, respectively. Bottom panel:
Dst index. The two dotted vertical lines indicate the first and the second storm sudden commencement (SSC), respectively
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insufficient information to confirm such an extreme
dynamic pressure of the solar wind. This point should
be examined in detail for future extreme storm events
by considering a variety of data.
Our estimations for the GSM-Y and GSM-Z components
of the IMF strongly depended on the assumption ofMA >2. Figure 3 shows the MA as a function of the
magnetic field intensity and dynamic pressure for low
values of MA. The curves for MA = 2, 3, and 4 are
plotted in different colors. The condition MA >2 is mostly
satisfied in the dynamic pressure range between 10 and
100 nPa and the magnetic field intensity range between 50



























































































Fig. 5 Solar wind parameters obtained from the ACE satellite and the Dst index during the storm that occurred on November 20–21, 2003.
Top panel: intensity of the magnetic field. Second panel: geocentric solar magnetospheric (GSM)-Y component of the magnetic field. Third panel:
GSM-Z component of the magnetic field. Fourth panel: solar wind speed. Fifth panel: number density of the solar wind. Sixth panel: dawn to dusk
solar wind electric field (VBs). Bottom panel: Dst index
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the magnetic field intensity range between 200 and
300 nT. This means that GOES satellite observation
cannot distinguish between both upstream conditions
of the magnetic field because in the former case, it is
compressed fourfold and in the latter case, there is no
compression. Therefore, GOES observed similar magnetic
fields from both solar wind conditions. Thus, we cannot
deny the possibility of another extreme state of solar wind.
If MA <2 during the GMC observed by GOES, then a
CME with a GSM-Z component of the IMF of lessthan −200 nT reached Earth because there was no
compression of the IMF. If a linear relationship between
the VBs and the injection rate of the ring current
(the Dst index) is applied, the solar wind speed
should be 250 km/s. This condition is quite slow and
unusual in magnitude and therefore provides an ineffective
explanation for the rapid decline of the high-speed solar
wind stream that caused the second SSC. Moreover, there
is no known solar origin of a solar wind with this speed.
On the basis of this discussion, therefore, the condition
MA >2 was adopted for our data analysis.
Nagatsuma et al. Earth, Planets and Space  (2015) 67:78 Page 9 of 10A summary of the estimated solar wind parameters is
shown in Fig. 4. The green filled circles plotted in the
top to fifth panels indicate 1-h averaged solar wind
parameters at 22–23 UT on March 14 obtained from
the OMNI database. The blue line plotted in the
fourth panel from the top is the solar wind speed
profile estimated from the maximum solar wind speed
at the second SSC and the solar wind speed at 22–23
UT at March 14 also obtained from OMNI data. The esti-
mated solar wind conditions for the storm that occurred
on March 13–14, 1989, were compared with those for the
November 20–21, 2003, storm, which was the fifth largest
since 1957; its Dst minimum was −422 nT. This event is
also one of the best extreme events in terms of direct con-
tinuous solar wind data recorded during the entire storm.
Figure 5 shows the solar wind parameters obtained from
the ACE satellite and the Dst index during the storm that
occurred on November 20–21. The maximum amplitude
of the GSM-Z component of the IMF is comparable for
both events at about −50 nT, but the 5-h duration of the
intense southward IMF for the March 1989 event is longer
than that for the November 2003 event at 2.5 h. Another
difference is the solar wind flow speed, which at 960 km/s
during the development of the strong ring current in the
March 1989 event was 1.4 times faster than that in
the November 2003 event at 700 km/s. The lower
limit density of the solar wind for the March 1989
event, at 8–60/cm−3, may be comparable to that of
the November 2003 event at 6–30/cm−3. A comparison of
both extreme storm events suggests that the solar
wind conditions that occurred during the storm on
March 13–14, 1989, could have occurred more frequently
than previously thought.
Our method of data analysis can be applied to severe
geomagnetic storm events with no solar wind information.
This type of reconstruction of solar wind information will
be important for studying extreme geomagnetic storms in
the past.
Conclusions
By using GOES magnetic field data and the Dst index,
we have examined the solar wind conditions during the
extreme geomagnetic storm that occurred on March
13–14, 1989. The solar flare possibly associated with the
second SSC of this storm event was identified as the
March 12 M7.3/2B flare. During the 5 h in which the
main phase of the storm rapidly developed, IMF Bz was
estimated to be about −50 nT with a solar wind
speed of about 960 km/s, assuming an MA during
this period of more than 2. The number density of
the solar wind during the GMC was at least 8–60/cm−3.
Although these solar wind conditions are similar to those
for the storm that occurred on November 20–21, 2003,
the duration of the southward IMF was longer and thesolar wind speed was 1.5 times faster in the latter event.
This means that events such as the geomagnetic storm
that occurred on March 13–14 could have occurred more
frequently than previously thought.
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